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Laser-induced kirigami structures of liquid crystal
elastomers for multimodal morphing†

Bing Lei,ab Lei Huang,a Ke-Hui Wu,a Rui Zhou de and Lu-Jian Chen *ac

Kirigami offers a versatile framework for transforming planar films into three-dimensional (3D) intricate

structures, which is instrumental in developing liquid crystal elastomer (LCE) soft robots. These robots

can dynamically alter their shapes to accommodate various functionalities. By meticulously designing

the geometries of cuts, a range of out-of-plane configurations can be induced, resulting in an expanded

repertoire of deformation modes. In this study, we utilize a commercially available laser engraver for the

precise alignment of anisotropic kirigami azobenzene (azo) LCEs, streamlining the manufacturing

process of cuts with diverse geometric shapes. The resulting actuators possess a predetermined

alignment within defined geometric regions, enabling them to exhibit a variety of complex shapes when

stimulated by light. Furthermore, polyimide (PI) films can be selectively transformed into graphene-

coated films through surface carbonization using the 450 nm laser from the engraver, resulting in

bilayer kirigami structures with enriched shape-changing capabilities. These highly maneuverable soft

actuators demonstrate distinct functionalities, such as grasping and transporting micro-cargo.

We anticipate that the evolution of intelligent soft robotics, characterized by multimodal morphing and

seamless functional integration, will be propelled by laser-induced kirigami azo-LCEs.

Introduction

Liquid crystal elastomers (LCEs) are interconnected polymer
networks with the flexibility of rubber and the inherent aniso-
tropy of liquid crystals (LCs), which endow LCEs with unique
physical and optical properties, including mechanical propulsion,
flexible resilience, and optical birefringence.1–8 The outstanding
physical and optical properties exhibited by LCEs depend on the
interplay of cross-linking and alignment techniques applied in the
polymer network to the liquid crystal mesocrystals. The regulating
liquid crystal alignment is crucial for coordinating the soft pro-
pulsive deformation dynamics formulated by the LCEs.9 The
dominant alignment methods for the LCEs are broadly categorized
into four different types: mechanical alignment, surface-enforced
alignment, field-assisted alignment, and rheological alignment.10

It is worth noting that the surface-enforced alignment method has
been widely adopted due to its precise indication of the direction
and ease of establishing pattern alignment. The research design of
soft actuators, based on surface-enforced alignment methods,
culminates in shape changing and kinetic responses, including
bending, twisting, and buckling, all of which are induced by
external stimuli, such as light, humidity, and temperature.11–16

Particularly noteworthy is the fact that with the advent of various
light sources, such as light-emitting diodes (LEDs) and laser diodes
(LDs), as well as the development of components to modulate
light, such as digital micromirror devices (DMDs) and liquid
crystals on silicon (LCOS), novel projection and laser direct writing
(LDW) techniques have facilitated the development of LCEs with
pattern-alignment functionality, and have opened up new possibi-
lities for complex deformations.17–20

The deformation mechanism of LCEs depends not only on
the control of the internal arrangement of the LC, but is also
closely related to the geometry of the LCE. Therefore, in
addition to alignment, the shape of the LCE is a key
consideration.21 In this context, kirigami emerges as a captivating
paradigm that endows planar entities with three-dimensional (3D)
configurations, attracting considerable attention in both scientific
and technological fields. Applications encompass deployable con-
figurations for solar panels, biomedical implements, and micro-
electromechanical systems (MEMS).22–26 Recently, the integration
of kirigami structures into the shaping of LCE films has attracted
great attention.27–33 Through manipulation enabled by kirigami,
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these films can exhibit out-of-plane deformations induced by
external stress fields in liquid crystal networks. With the help of
a laser engraving machine, Chen et al. designed and integrated
topological defects in aligned LCE microstructures with various
geometric shapes towards a single-layer multimodal morphing
kirigami actuator.34 Moreover, the bilayer structure of the compo-
site photothermal layer in LCE makes further shape tuning
possible.35,36 For example, polyimide (PI) films can be laser
carbonized into graphene films and used as a photothermal layer
by rapidly generating heat under light irradiation at specific
wavelengths. The preparation of laser-induced graphene (LIG)
films has been widely investigated due to the easy availability of
PI films and their extensive range of applications.37–40 Unfortu-
nately, the photothermal properties of LDW-based LIG layers have
not yet been used to induce deformation in the bilayer structure of
LCE films, limiting the application of lasers in guiding multimodal
deformation of kirigami LCEs.

To address this challenge, we present a streamlined fabrica-
tion strategy that capitalizes on the intrinsic advantages of a
commercially available laser engraver. This approach not only
facilitates the precise alignment and cutting of anisotropic
kirigami patterns in azobenzene (azo) LCEs but also offers a
unique capability for laser carbonization treatment. Conse-
quently, we can fabricate bilayer carbonized kirigami azo-LCE
structures on a single material platform, merging mechanical
and optical functionality, adding deformation modulation to
the thickness, expanding a new deformation dimension for the
anisotropic response under kirigami azo-LCE geometrical con-
straints. The resulting azo-LCE films exhibit a diverse range of
shape transformations, including bending, twisting, dimpling,
rotating, and waving. These deformations can be triggered by
light, enabling programmable 3D shape transformations. This
property allows for the development of bending actuators
capable of manipulating objects and crawling robots that
demonstrate complex rotational and curvilinear motion cap-
abilities. We anticipate that this laser-induced kirigami design
approach has promise for advancing soft robotics with multiple
morphing capabilities and integrated functionality. It also
provides valuable insights for the further exploration of agile
systems.

Experimental
Materials

The azo-LCE mixture (Fig. S1, ESI†) is composed of reactive
mesogens (RMs, 90.2 wt%, HCCH), azobenzene (C9-azo, 8.8 wt%,
Beijing Fusion Venture Technology Co.) and photoinitiator (Irga-
cure 819, 1 wt%, Sigma-Aldrich). RMs were made up of RM006,
RM021, RM82, and RM257, with a weight ratio of 2.9 : 1 : 1 : 1 : 1,
respectively. The material ratios were carefully optimised in our
experiments, in particular, the 8.8 wt% of C9-azo ensured the
flexibility of the polymer network (polymer network flexibility
regulation, ESI†). SD1 molecules (Beijing Fusion Venture Techno-
logy Co.) were used to align the liquid crystal molecules. 20 mm PI
tape (consisting of a 12.5 mm PI film and a 7.5 mm adhesive

silicone layer) was used as the material for carbonization, and the
micro-cargo consists of a white cotton ball made from cellulose
fibers.

Preparation of the kirigami azo-LCE soft actuators

SD1 molecules were spin-coated onto two indium tin oxide
(ITO) glass substrates, which were then bonded together using
double-sided electrical tape with a thickness of 40 mm to form a
LC cell. Patterned irradiation of the LC cell was carried out
using a 450 nm laser engraver (L2, LaserPecker, laser power:
1.98 W, scanning speed: 3.50 mm s�1) to prepare the photo-
alignment layer. The premixture was introduced into the LC
cell by capillary action at an elevated temperature above the
clearing point (69 1C). The cells were then cooled to 65 1C to
enter the LC phase. Subsequently, the LC cells were placed on a
heating table at 65 1C and polymerized with a 405 nm LED
(70 mW cm�2) for approximately 15 min. The LC cell was
carefully opened using a blade, exposing the surface irradiated
for cutting. The same engraver (laser power: 2.50 W, scanning
speed: 2.17 mm s�1) was then employed to scan the boundary
lines corresponding to the alignment pattern, facilitating the
cutting of the desired kirigami pattern.

Preparation of the bilayer kirigami azo-LCE soft actuators

The azo-LCE films were prepared following the previously
described procedure. Subsequently, 20 mm thick polyimide
(PI) tape was applied to the densely cross-linked surface of
the azo-LCE film. A laser engraver (L2, LaserPecker, laser power:
0.99 W, scanning speed: 2.17 mm s�1) was employed to scan
and carbonize the designated area. The fabrication process was
completed by scanning and cutting the film using the same
engraver, according to the desired kirigami shape, to create the
bilayer kirigami azo-LCE soft actuators.

Characterization

Actuation of the azo-LCE films was performed using unpolarized
UV 365 nm (460 mW cm�2) and visible 460 nm (150 mW cm�2)
light from a multichannel LED (Prior Scientific). The carbonized
bilayer azo-LCE is driven by an 808 nm fiber-coupled laser
(14808F02FN-2.500 W, BWT). Optical images and movies were
recorded by using a digital camera (Meiruishi). Polarizing optical
microscopy (POM) images were acquired using a microsystem
(DM750P, Leica) equipped with a digital camera (E3ISPM200
00KPA, Sony). Scanning electron microscopy (SEM) images were
obtained using a desktop scanning electron microscope (TM3000,
Hitachi). Raman spectra were measured using a Raman spectro-
meter (Inspector Raman 785, DelteNu). The surface temperature of
the actuator before and after 808 nm laser irradiation was mea-
sured with an infrared thermometer (FLIR One).

Results and discussion
Laser engraving platform

As shown in Fig. 1a, the 450 nm laser engraver can be used
for integrating the alignment microstructures and kirigami

Paper Journal of Materials Chemistry C

Pu
bl

is
he

d 
on

 1
0 

Ju
ly

 2
02

5.
 D

ow
nl

oa
de

d 
by

 Y
un

na
n 

U
ni

ve
rs

ity
 o

n 
7/

30
/2

02
5 

3:
06

:5
3 

A
M

. 
View Article Online

https://doi.org/10.1039/d5tc01610j


This journal is © The Royal Society of Chemistry 2025 J. Mater. Chem. C

geometries of LCEs. Additionally, it can also be utilized to
carbonize PI films into graphene. To achieve local alignment
of the liquid crystal molecules, we modified the engraver by
installing a half-wave plate to control the linear polarization
angle of the laser (Fig. S2, ESI†). The photosensitive azo-dye for
liquid crystals we used is SD1, as shown in Fig. 1b. Although the
absorption peak of SD1 is not at 450 nm, the light power of the
laser engraver is sufficiently high such that the long-axis of
the SD1 molecules can be successfully altered by the incident
laser with polarization properties, thus orienting the azo-LCE
perpendicular to the direction of the polarized laser. By exami-
ning the alignment effect of azo-LCE, we determined the
alignment parameters of the engraver, including engraving
speed and laser power. As shown in Fig. S3 (ESI†), for the
photoresponsive azo-LCE, when the light power of the engraver
was 1.98 W and the scanning speed was 3.50 mm s�1 with one
pixel per step, we observed pronounced alignment in azo-LCE.
It is noteworthy that the oriented region of Fig. S3 (ESI†) also
shows distinct lines, which may be due to the energy gradient at
the edge of the laser spot resulting in a micro-regional change
in the alignment direction induced by the SD1 molecules,
resulting in the formation of alignment-defective lines along
the scanning direction as it transitions from the scanning
direction to the perpendicular direction (lines in laser orienta-
tion, ESI†). The POM images of azo-LCE showing birefringence
caused by patterned photoalignment using a 450 nm laser can be
seen in Fig. 1c. After polymerization, we carefully reconfigured
the engraver’s cutting parameters, which included calibrating the
cutting laser power and cutting speed. The introduced cutting

pattern corresponded precisely to the alignment template. At a
laser power and cutting speed of 2.50 W and 2.17 mm s�1,
respectively, the cuts are neat and do not ablate neighboring
parts of the sample (Fig. S4, ESI†). It is worth noting that azo
molecules are incorporated into the kirigami actuator to achieve
optical switching, and it can undergo a transformation from trans
to cis form under 365 nm illumination, thus enabling macro-
scopic deformation. Moreover, under 460 nm visible light irradia-
tion, azo molecules can undergo a transformation from cis to
trans, thus restoring the deformation. The absorption spectra of
the C9-azo molecules in ethanol are shown in Fig. S5 (ESI†). And
the absorption spectra of the cis-trans isomeric molecule in
ethanol match the absorption spectra of the cis-trans isomeric
molecules in the experimental films.

Rectangular arm single-layer kirigami azo-LCE soft actuators

Azo-LCE films with different alignment microstructures were
cut into rectangular geometries with four arms, resulting in
multiple deformation modes (Fig. 2). Our previous studies have
shown that azo-LCE films have excellent mechanical properties
that make them highly foldable and deformable.41 In addition,
the phenomenon of crosslink density gradient in azo-LCE film
thickness is inevitable due to the UV absorption property of
azobenzene during photopolymerisation. The crosslink density
of the film on the side near the UV light is higher than that on
the side away from the UV light, which leads to a different
modulus of elasticity between the two sides of the film, thus
obtaining the deformation characteristic of the film bending
from the high cross-linking side to the weakly cross-linking side
under UV irradiation (Fig. S6, ESI†). Most importantly, the
mechanical behavior of the LC molecule in kirigami is robustly
dependent on the combination of local geometrical and aniso-
tropy of the LC director field. In Fig. 2a, the four-armed
kirigami LCE soft actuator produces a deformation pattern
characterized by bending under UV irradiation (365 nm,
460 mW cm�2) when LC molecules are aligned along the long
sides of the rectangular arms. When the orientation of the LC
director deviates by 451 from the elongated geometric axis of
the rectangular arms, as depicted in Fig. 2b, this results in a
deformation that is aptly described as twisting. When the
direction of the LC director is perpendicular to the long sides
of the rectangular arms, dimpling deformation occurs. We
enriched the deformation form of the four arms by setting
one pair of opposing arms as dimpling deformation and the
other pair to undergo bending deformation (Fig. 2c). In parti-
cular, as shown in Fig. 2d, further oriented microstructural
partitioning design leads to alternating bending, twisting and
dimpling deformation of the four arms (Movie S1, ESI†).

The alignment of azo-LCE kirigami configurations enables
the achievement of diverse functionalities based on the resul-
tant shape changes. One such functionality is the bending
actuator, which is commonly used in grippers. These grippers
typically consist of one or more bending actuators that can
respond to external stimuli. We engraved four rectangular azo-
LCE strips in a film, each with LC molecules aligned perpendi-
cular to the long side of the rectangular strip, thereby creating a

Fig. 1 (a) Manufacturing streamlined alignment microstructures and kir-
igami geometric shapes for azo-LCE actuators, as well as the carboniza-
tion of commercial PI films by a 450 nm laser engraver. (b) Absorption
spectra of SD1. (c) POM images of azo-LCE showing birefringence caused
by patterned photoalignment using a 450 nm laser engraver.
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soft gripper. Each individual rectangular arm measures
4 mm � 2 mm and has a thickness of 40 mm. As illustrated
in Fig. 2e, the resulting four-armed bending structure functions
as a gripper, capable of firmly grasping and lifting a 4 mm
diameter cotton ball weighing 0.0009 g under UV irradiation
(365 nm, 460 mW cm�2). Subsequently, the gripper efficiently
releases the ball upon the application of 460 nm (150 mW cm�2)
visible light, following the removal of the UV stimulus. This
functionality showcases the adaptability and utility of the LCE
kirigami design for dynamic manipulation tasks (Movie S2, ESI†).

Curved single-layer kirigami azo-LCE soft actuators

The synergistic encoding of curvilinear geometric properties
and alignment microstructures is essential for enriching the
LCE deformation patterns, enabling complex deformations of
the LCE structure that encompass basic shape variations such
as bending, twisting, and dimpling. The intricate nature of the
orientation pattern necessitates aligning the cutting geometry
with the pattern design to generate intricate deformations,
as exemplified in Fig. 3a. When the geometric arms of the
kirigami are sickle-shaped, rotational deformation is induced
in the azo-LCE kirigami structure. If LC molecules are oriented
parallel to the long side of the geometric arms, these four arms
undergo bending and rotational deformation (Fig. 3b).
Conversely, when the LC molecules in the actuator are dim-
pling and rotating (Fig. 3c). It is noteworthy that although the
microstructural alignment in Fig. 3b is consistent with that of
Fig. 2a, the use of distinct geometry patterns leads to signifi-
cantly different shape transformations. Moreover, while the
geometric patterns in Fig. 3b and c are identical, their shape
deformations are markedly distinct, dictated by the encoding of
differential topological features. Hence, the deformation of

kirigami is the result of the interaction of the orientation
pattern within the azo-LCE and the specific geometrical design
of the sample.

By leveraging the intricate interplay between topological
outlines and geometry within kirigami azo-LCE, we can engi-
neer a broader sequence of programmable, intricate 3D shape
transformations. Fig. 3d shows the multimodal shape deforma-
tion of the wavy four-arm kirigami azo-LCE actuator under
different aligned microstructures. Fig. 3e depicts the composite
deformation characterized by waving and bending. Fig. 3f
illustrates the combined deformation of waving and dimpling.
The outcomes reveal that the synergy between orientation
modes, kirigami design, and light-driven capabilities gives
rise to the showcased undulating shape deformations in azo-
LCE films. Notably, the hingeless, monolithic nature of the
kirigami design enables a seamless sequence of shape changes
(Movie S3, ESI†).

Crawling across solid surfaces necessitates the disruption
of frictional symmetry and the application of actuating
mechanisms to generate forward motion. However, the inher-
ent limitations of a single rectangular azo-LCE structure pre-
vent it from effectively breaking frictional symmetry and
achieving propulsion under UV irradiation. To overcome this
challenge, we introduce a sickle-shaped kirigami incision into a
single rectangular azo-LCE, thus creating a compliant crawling
robot with a distinctive sickle-shaped appendage. This innova-
tion enables the robot to efficiently execute rotary crawling
when subjected to UV irradiation. As illustrated in Fig. 3g, the
alignment of the LCE kirigami’s sickle feature is set perpendi-
cular to its longer side. Upon exposure to UV light (365 nm,
460 mW cm�2), this arrangement induces two simultaneous
deformations: rotating and bending movements, accompanied

Fig. 2 Multimodal shape morphing of a rectangular four-arm kirigami azo-LCE actuator under various alignment microstructures. Single deformation
mode of (a) bending and (b) twisting. (c) Deformation combination of bending and dimpling. (d) Alternating deformations of bending, twisting, and
dimpling. (e) Grabbing and releasing object by a rectangular four-arm kirigami azo-LCE gripper.

Paper Journal of Materials Chemistry C

Pu
bl

is
he

d 
on

 1
0 

Ju
ly

 2
02

5.
 D

ow
nl

oa
de

d 
by

 Y
un

na
n 

U
ni

ve
rs

ity
 o

n 
7/

30
/2

02
5 

3:
06

:5
3 

A
M

. 
View Article Online

https://doi.org/10.1039/d5tc01610j


This journal is © The Royal Society of Chemistry 2025 J. Mater. Chem. C

by the storage of elastic energy. Furthermore, the deformation
triggered by UV irradiation results in the continuous release of
stored elastic energy, accompanied by a shift in the robot’s
center of mass. Consequently, this rotational crawling motion
effectively disrupts the frictional symmetry, leading to over-
arching macroscopic locomotion. Repetition of this process
ensures sustained rotational crawling. It is noteworthy that
the dimensions of the monolith LCE measure 4 mm � 4 mm.
The region, which assumes a sickle-shaped configuration,
covers an area of 8 mm2, with the thickness maintaining a
constant measurement of 40 mm (Movie S4, ESI†).

Carbonized bilayer kirigami azo-LCE soft actuators

To achieve patterned carbonized layers on kirigami LCE films
for localized thermal deformation under light stimulation, we
first prepared kirigami azo-LCE films. Then, a 20 mm thick layer
of PI tape was applied onto the densely crosslinked surface
of the azo-LCE film, followed by scanning PI film using a
450 nm laser engraver. When the scanning speed was fixed
at 2.70 mm s�1, we compared the carbonization results at

different laser power (Fig. S7, ESI†). It was observed that the
carbonized film exhibited non-uniformity at a laser power of
0.45 W, while uniform carbonized films were obtained at power
levels of 0.99 W and 1.5 W. However, it is noteworthy that when
the power is 1.5 W, the carbonized film tended to peel off
during deformation, likely due to the non-uniform thermal
expansion caused by excessive laser power. Therefore, a laser
power of 0.99 W was selected for carbonization. SEM images of
the carbonized film (Fig. 4a and b) revealed distinct graphene
layered structures on the film surface. Fig. 4c shows a cross-
sectional SEM image of a graphene/azo-LCE bilayer film show-
ing a carbonized layer with a thickness of about 20 mm, an azo-
LCE film with a thickness of 40 mm, and an adhesive layer
between them with a thickness of about 7 mm, which is not
carbonized under laser irradiation. It is worth noting that the
pristine PI layer is 12.5 mm while the carbonized layer is about
20 mm, which may be due to the morphological differences in
the carbonized layer compared to the PI layer. Fig. S8 (ESI†)
shows the cross-sectional morphology of bilayer azo-LCE films
before and after laser carbonization. Raman spectroscopy ana-
lysis of the graphene layer showed a carbon absorption peak
around 800 nm, whereas the PI film did not exhibit carbon
absorption peaks (Fig. 4d). Hence, an 808 nm laser was chosen
for photothermal experiments, and temperature changes in the
graphene film under different laser powers were measured
(Fig. S9, ESI†). It was found that the surface temperature of
the carbonized layer increased from 35.8 1C to 119 1C when the
laser power was increased from 0.22 W to 2.14 W. A laser power
of 1.09 W was chosen to give a carbonized layer temperature of
87.6 1C, which was sufficient to actuate the azo-LCE film with-
out causing excessive damage to the film.

The grid structure provides abundant possibilities for
localized carbonization, thereby enhancing the diversity of

Fig. 3 (a) Multimodal shape morphing of the sickle four-arm kirigami azo-
LCE actuator under various alignment microstructures. The superposition
deformation of rotating deformation with (b) bending, and (c) dimpling.
(d) Multimodal shape morphing of waving a four-arm kirigami azo-LCE
actuator under various alignment microstructures. The superposition
deformation of waving deformation and (e) bending and (f) dimpling.
(g) Rotational crawling motion achieved by a monolith LCE with sickle
kirigami geometries.

Fig. 4 SEM images at magnifications of (a) 1 K and (b) 4 K showing the
graphene morphology formed on carbonized PI films under scanning by a
450 nm laser engraver. (c) Cross-sectional SEM image of the carbonized
azo-LCE bilayer film and (d) Raman spectra of the carbonized layer.
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functional designs in azo-LCE. When the structure of the
kirigami LCE soft actuator is designed with grid unit shapes
and the alignment remains consistent, various local carboniza-
tion schemes can be implemented. Effective heating of the
carbonized parts leads to localized deformation of the kirigami
azo-LCE under 808 nm laser irradiation, resulting in various
deformation modes (Fig. 5a–f and Movie S5, ESI†). For
instance, carbonization of intersecting vertical stripes causes
the actuator to exhibit asymmetric twisting deformation under
light (Fig. 5a), while carbonization of adjacent symmetrical
vertical stripes results in symmetrical arching deformation
(Fig. 5c). Obviously, an actuator that undergoes twisting defor-
mation is well suited for use as a crawler, as this asymmetric
force generates the forward force required for crawling motion.
As shown in the Fig. 5g (ESI†), the actuator carbonized with
an intersecting vertical stripe can move from point A to point B
under 808 nm light irradiation. Interestingly, the bilayer
kirigami azo-LCE film bends towards this side of the carbo-
nized layer when exposed to 808 nm light, and we hypothesize
that the expansion of the carbonized layer is limited by the
adhesive layer under the photothermal effect, which generates
uneven shear stresses, and these shear stresses are transferred
to the azo-LCE layer through the viscoelasticity of the 7 mm
adhesive layer, resulting in asymmetric strain distribution. The
side strain of the carbonized layer is larger than that of the azo-
LCE, which causes the film to bend toward the carbonized

layer. Moreover, we demonstrated the use of a crawler actuator
to transport micro-cargo by placing a small ball with a diameter
of 3.5 mm and a weight of 0.06 g in the central part of the
actuator in Fig. 5h. Under the actuating of 808 nm laser
irradiation, the actuator transports the microcargo from point
A’ to point B’ (Movie S6, ESI†). It is worth mentioning that the
carbonized part is at the intersection of the grid shaped
horizontal and vertical stripes, and the actuator exhibits bend-
ing deformation similar to that of a flexible actuator centered
on a hinge point under light stimulation (Fig. 5b). We speculate
that this deformation pattern can be used in applications that
require mesh bag-like functionality, such as packaging goods.

Conclusions

In summary, we have demonstrated that a commercial laser
engraver operating at 450 nm can be employed to integrate the
alignment microstructure and kirigami geometry of azo-LCEs
for both single-layer and bilayer configurations. By fine-tuning
the engraving parameters, we have achieved precise control
over the cutting and alignment templates. This approach has
enabled complex deformations such as bending, twisting, and
dimpling in a rectangular four-arm kirigami azo-LCE actuator.
Notably, transitioning to sickle-shaped and waveform arm designs
introduces a superimposition of rotational deformation,

Fig. 5 (a)–(f) The deformation modes exhibited by the bilayer kirigami azo-LCE actuators under six different carbonization schemes. (g) The crawling
gait of the bilayer kirigami azo-LCE actuator with grid unit structures featuring cross-bar carbonization, and (h) transporting micro-cargo.
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waveform-induced deformation, and foundational deforma-
tion, enriching the deformation modes. Additionally, commer-
cial PI films were carbonized into graphene films using the
same engraving tool, enabling the fabrication of bilayer kiri-
gami azo-LCE soft actuators with patterned carbonized layers,
yielding multiple deformation modes. We demonstrated a
method utilizing UV and visible light stimuli to control azo-
LCE grippers for grasping and releasing targets. Furthermore,
by introducing sickle-shaped kirigami cuts, we created a flexible
crawling robot capable of rotational locomotion. Finally, the
application of the bilayer actuator in transporting micro-cargoes
showcased its effective transportation capability. We envisage the
ability to simultaneously irradiate bilayers of patterned azo-LCE
with 365 nm and 808 nm beams to drive photochemical and
photothermal synergistic deformation, further extending the
bilayer LCE actuator deformation mode. Our research highlights
the design and fabrication of LCE actuators with multimodal
deformation and seamless functional integration through a facile
approach, promising broad applications in the field of intelligent
soft robots.
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